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ABSTRACT
We report on the succesful search for CO (2-1) and (3-2) emission associated with
OH/IR stars in the Galactic Bulge. We observed a sample of eight extremely red AGB
stars with the APEX telescope and detected seven. The sources were selected at suffi-
cient high galactic latitude to avoid interference by interstellar CO, which hampered
previous studies of inner galaxy stars. To study the nature of our sample and the mass
loss we constructed the SEDs from photometric data and Spitzer IRS spectroscopy. In
a first step we apply radiative transfer modelling to fit the SEDs and obtain luminosi-
ties and dust mass loss rates (MLR). Through dynamical modelling we then retrieve
the total MLR and the gas-to-dust ratios. We derived variability periods of our stars.
The luminosities range between approximately 4000 and 5500 L⊙ and periods are be-
low 700 days. The total MLR ranges between 10−5 and 10−4 M⊙ yr
−1. Comparison
with evolutionary models shows that the progenitor mass ≈ 1.5 M⊙, similar to the
Bulge Miras and are of intermediate age (3 Gyr). The gas-to-dust ratios are between
100 and 400 and are similar to what is found for OH/IR stars in the galactic Disk.
One star, IRAS 17347–2319, has a very short period of approximately 300 days which
may be decreasing further. It may belong to a class of Mira variables with a sudden
change in period as observed in some Galactic objects. It would be the first example
of an OH/IR star in this class and deserves further follow-up observations.
Key words: Stars: AGB and post-AGB – Stars: mass-loss – circumstellar matter –
dust – Galaxy: bulge – radio lines: stars
1 INTRODUCTION
Low to intermediate mass stars (0.8 . M∗ . 8 M⊙) will
ultimately end their lifes on the Asymptotic Giant Branch
(AGB) (Vassiliadis & Wood 1993; Habing 1996). Two strik-
ing characteristics of the AGB are the variability of the
stars and the mass loss. Different types of large amplitude
variables are classified on the basis of the amplitude: Semi-
Regular Variables, Miras and OH/IR stars, where the latter
have the largest amplitudes (1 magnitude bolometric) and
periods of several hundred days. In the final phases on the
AGB, the mass loss is the dominant process which will de-
termine the AGB lifetime and its ultimate luminosity. The
mass-loss rates (MLRs) range approximately from 10−8 up
to 10−4 M⊙/yr. Although the mass loss for these stars is
⋆ E-mail: joris.blommaert@vub.be
already well known for many years there is still no firm un-
derstanding of what triggers the mass loss. It is believed
that, through large amplitude variability, the outer parts of
the atmosphere are cool and the density is high enough to
start dust formation. Radiation pressure on the grains drives
these outwards, dragging with them the gas creating a slow
(≈ 15 km s−1) but strong stellar wind (Goldreich & Scoville
1976). Through their mass loss, these stars provide a signif-
icant contribution to the gas and dust mass returned to the
interstellar medium.
When nearing the tip of the AGB, stars will start ex-
periencing thermal pulses (a.k.a. helium shell flashes). The
thermal pulses can lead to the change of chemical type
from the originally oxygen-rich star to either a S-type (C/O
∼ 1) or carbon star (C/O > 1) through dredge-up of nu-
clear processed material to the surface (Iben 1975). The
change of chemical type is metallicity and stellar mass de-
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pendent. Stars with approximately solar metallicity and be-
low two or above four M⊙ are expected to remain oxygen-
rich (Marigo et al. 2013).
The OH/IR stars are the subset of AGB stars with
the highest MLRs > 10−5 M⊙/yr observed (Baud & Habing
1983). Such high MLR are significantly higher than the stel-
lar mass loss description by Reimers (1975) and are often
called a superwind, a term introduced by Renzini (1981) to
describe the MLR needed to explain the characteristics of
Planetary Nebulae.
The dust formed in the circumstellar shell completely
obscures the photospheric radiation and re-radiates it at in-
frared wavelengths (Bedijn 1987). The OH part of the name
comes from the fact that in most cases of these infrared
stars OH maser emisson, originating in a circumstellar thin
shell, is detected. OH/IR stars are mostly found through ei-
ther “blind” OH surveys that searched the galactic plane at
the 18 cm radio line (e.g., Baud et al. 1981; Sevenster et al.
1997) or through a dedicated search on cool infrared sources
with colours typical for a few 100 K temperature dust shell
(te Lintel Hekkert et al. 1991). A recent database of circum-
stellar OH masers can be found in Engels & Bunzel (2015).
In the literature, OH/IR stars are often associated with
more massive AGB stars. Well known studied examples of
these are the OH maser sources near the galactic plane, like
OH 26.5+0.6 (e.g. van Langevelde et al. (1990)). These stars
have high luminosities well above 10,000 L⊙ and periods
larger than a 1,000 days. Studies of OH/IR stars in the Bulge
(van der Veen & Habing 1990; Jime´nez-Esteban & Engels
2015) and the IRAS based study by Habing (1988) of galac-
tic disk OH/IR stars, find however luminosity distributions
peaking at approximately 5,000 L⊙, expected to have rela-
tively low mass progenitors below 2 M⊙.
Selecting Bulge stars provides the advantage of a rel-
atively well known distance within our Galaxy. Generally
the Bulge stellar population is considered to be old (Renzini
1994; Zoccali et al. 2003; Vanhollebeke et al. 2009), however
several studies also indicate the presence of intermediate
age stars (van Loon et al. 2003; Groenewegen & Blommaert
2005). The question on the nature of the Bulge OH/IR stars
is part of our analysis and will be discussed in Section 7.
The mass loss in AGB stars is studied by several means
(van der Veen & Olofsson 1990; Olofsson 2003) of which in-
frared studies of the circumstellar dust and the (sub-) mil-
limetre detection of CO transitions are the most frequently
used. In this study we combine the two techniques allow-
ing to compare two independent techniques and to study
the gas-to-dust ratio, which is expected to be metallicity de-
pendent. Earlier efforts to observe CO emission from AGB
stars in the inner Galaxy had only limited success because of
the interference of interstellar CO emission along the galac-
tic plane (Winnberg et al. 2009; Sargent et al. 2013), even
though they used interferometric techniques. They selected
OH/IR stars close to the galactic centre and plane respec-
tively, which have different star formation histories than the
Bulge (Launhardt et al. 2002; Genzel et al. 2010). To avoid
the galactic plane ISM interference we selected a popula-
tion of OH/IR stars from the Bulge at higher latitudes. The
sample selection of our paper is described in the following
Section. We then continue with a description of the CO ob-
servations and data in Section 3. The results from the mod-
elling of the IR and CO data are given in the “Analysis”
Section 4 & 5. The resulting characteristics are described in
the Section 6, followed by discussions on the Bulge popula-
tion of OH/IR stars and the superwind MLR in Section 7.
2 SAMPLE SELECTION AND DESCRIPTION
The eight sources in this study are taken from a larger
sample of fifty-three Galactic Bulge AGB stars which were
selected to study the dust formation in the circumstellar
shell of oxygen-rich AGB stars (Blommaert et al. 2007).
The stars in the original sample were selected on the
basis of infrared colours (observed with the ISO and/or
IRAS satellites) to represent the whole range in MLR ob-
served on the AGB, from naked stars with no observed
mass loss up to OH/IR stars with MLRs in the order of
10−4M⊙/yr. Different studies of this sample were performed
and presented in several papers: the dust content through
Spitzer-IRS spectroscopy (Vanhollebeke 2007; Golriz et al.
2014), groundbased spectroscopy and photometry, includ-
ing a monitoring programme to determine the variability
(Vanhollebeke 2007)(vH2007 from now on) and a high res-
olution near-infrared spectroscopic study of the abundances
(Uttenthaler et al. 2015).
From this sample we selected those with the reddest
colours and thus also likely the stars with the highest MLRs
(∼ 10−4M⊙/yr). The stars were detected in the IRAS sur-
vey and originally studied in van der Veen & Habing (1990).
We searched for counterparts of our sources in the OH
maser database created by Engels & Bunzel (2015) which
is considered complete for the published 1612 MHz maser
detections until the end of 2014. Seven out of our eight
sources were searched for the OH (1612 MHz) maser emis-
sion and were detected by te Lintel Hekkert et al. (1991);
David et al. (1993); Sevenster et al. (1997). The velocities of
the OH maser emission peaks are given in Table 1. For IRAS
17251–2821 two possible OH maser sources were detected
and we give the observed velocities for both. The stars have
absolute galactic latitudes above 2 degrees (except IRAS
17382-2830 with b = 1.01◦), which limits the interference
by interstellar CO and increases the chance to detect the
circumstellar CO emission. Two sources are also detected in
the infrared ISOGAL survey (Omont et al. 2003). As in the
other papers on the Bulge sample, they are refered to with
their ISOGAL name, these names have also been included
in Table 1.
Jime´nez-Esteban & Engels (2015) (JEE15 from now on-
wards) selected a sample of thirty-seven Bulge IRAS sources
with OH/IR star-like IRAS colours and modelled the spec-
tral energy distributions (SED). We will compare our anal-
ysis with theirs in Section 5. A difference in the selection of
our sample, based on Blommaert et al. (2007), with JEE15
is that all our sources have IRAS 12 µm flux densities below
10 Jy. This limit was imposed as van der Veen & Habing
(1990) considered these to be most likely Bulge members
and not of the galactic disk. JEE15 did not impose such a
flux criterion.
MNRAS 000, 1–?? (2018)
CO and mass loss of Bulge OH/IR stars 3
Figure 1. Photometry and Spitzer-IRS spectra with the model fits (black full line vs photometry points and dashed blue vs IRS spectra),
see Sections 3.1 & 4.1. The horizontal lines indicate wavelength ranges with forsterite bands, which were discarded in the modelling.
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Table 1. Target list.
IRAS name Right Ascension Declination l b OH (peak velocities) AV ISOGAL name
(J2000) (J2000) (deg) (deg) LSR (km s−1) mag
17251-2821 17 28 18.60 -28 24 00.4 358.41 3.49 −181.0, −149.0a 3.17
−246.3, −227.5
17276-2846 17 30 48.29 -28 49 01.7 358.41 2.80 −71.2, −40.4c 4.27
17323-2424 17 35 25.92 -24 26 30.5 2.61 4.31 +70.0, +41.8c 4.95
17347-2319 17 37 46.28 -23 20 53.4 3.83 4.44 +74.1, +90.1a 4.29
17382-2830 17 41 22.59 -28 31 48.0 359.86 1.01 −68.7, −33.7c 5.19 J174122.7-283146
17413-3531 17 44 43.46 -35 32 34.1 354.26 −3.28 –a 2.44
17521-2938 17 55 21.80 -29 39 12.9 0.47 −2.19 −88.5, −56.0b 2.60 J175521.7-293912
18042-2905 18 07 24.39 -29 04 48.0 2.27 −4.19 +39.2, +69.1a 1.48
Notes: Positions taken from AllWISE (Cutri & et al. 2014). Velocities of the OH maser peak emission given with respect to the Local
Standard of Rest (LSR). a: te Lintel Hekkert et al. (1991), b: David et al. (1993), c: Sevenster et al. (1997). Visual extinctions, AV , are
taken from Vanhollebeke (2007), ISOGAL names are from Omont et al. (2003).
Figure 1 (Cont.).
3 DATA AND OBSERVATIONS DESCRIPTION
3.1 Spectral Energy Distribution data
We made use of VizieR (Ochsenbein et al. 2000) and data
in the literature to collect photometric data at the position
of the OH/IR stars to create their SEDs. Two important
aspects about our sources need to be considered. One is the
fact that our stars are highly variable and that the data ob-
tained from different catalogues and publications have not
been observed at the same single epoch. Second, the Bulge
is a high source-density area, so that confusion with nearby
sources is a risk. The strategy followed was to start searching
in the VizieR database for the nearest AllWISE counterpart
(Cutri & et al. 2014) of the IRAS position. The WISE and
IRAS surveys overlap in the mid-infrared wavelength regime,
where fewer sources are detected, limiting the chance of a
wrong association. The WISE sources selected in this man-
ner have a [W3] − [W4] colour of about 2 magnitudes, con-
sistent with the IRAS colours. The AllWISE positions are
accurate up to 50 mas. In a second step, a search area of
4′′ radius around the position was used to search in other
infrared catalogues. In case of finding more than one source,
the reddest object is selected. The data is given in Table 2.
We have complemented the VizieR data with the
J,H,K, nbL averaged photometry from the vH2007 mon-
itoring programme obtained at the Mount Stromlo observa-
tory. We also included the ESO photometric 2 – 13 µm data
obtained by van der Veen & Habing (1990). Finally, public
DR4 data from the VVV Survey (Minniti et al. 2010) was
included1. IRAS17521 and IRAS17323 are not listed in the
source catalog, but are visible on the K-band image and the
magnitudes have been estimated by scaling the flux (minus
background) in a 3×3 pixel region to that of a nearby cata-
logue star.
Finally half of our sample were also observed
1 see http://horus.roe.ac.uk/vsa/index.html
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Table 2. Photometric data of our targets.
Filter 17251–2821 17276–2846 17323–2424 17347–2319 17382–2830 17413–3531 17521–2938 18042–2905
CASPIR (mag)
H 13.78 ± 0.01 12.85 ± 0.01
K 14.02 ± 0.01 10.86 ± 0.01 10.33 ± 0.01 8.99 ± 0.01 10.09 ± 0.01
K 14.47 ± 0.01 11.09 ± 0.01 11.56 ± 0.01 10.09 ± 0.01 10.87 ± 0.01
K 14.92 ± 0.01 11.21 ± 0.01 12.79 ± 0.01 11.10 ± 0.01 11.65 ± 0.01
nbL 8.11 ± 0.02 7.02 ± 0.02 6.80 ± 0.02
ESO (mag)
K 12.27 ± 0.08 15.0 ± 0.2 10.6 ± 0.1 8.69 ± 0.07 12.5 ± 0.9
K 10.98 ± 0.03 10.06 ± 0.02 12.2 ± 0.2
K 11.1 ± 0.7 8.33 ± 0.03
L 6.53 ± 0.04 8.05 ± 0.02 7.36 ± 0.03 5.94 ± 0.02 5.21 ± 0.04 6.38 ± 0.02
L 8.62 ± 0.03 8.94 ± 0.05 6.36 ± 0.1 6.37 ± 0.01 6.73 ± 0.03
L 6.53 ± 0.03 5.10 ± 0.02
M 4.77 ± 0.05 6.59 ± 0.08 5.33 ± 0.04 4.81 ± 0.04 4.30 ± 0.04 5.23 ± 0.07
M 6.53 ± 0.07 6.56 ± 0.08 5.15 ± 0.03 5.51 ± 0.04 5.56 ± 0.05
M 5.46 ± 0.05 4.26 ± 0.06
N1 2.24 ± 0.03 3.5 ± 0.1 2.46 ± 0.05 2.80 ± 0.03 2.59 ± 0.03 3.02 ± 0.03
N1 3.4 ± 0.1 4.9 ± 0.7 3.19 ± 0.08 2.99 ± 0.07 3.6 ± 0.01 3.4 ± 0.1
N1 3.43 ± 0.09 2.70 ± 0.07
N2 2.95 ± 0.05 2.4 ± 0.3 3.3 ± 0.1 3.42 ± 0.03 2.44 ± 0.06 3.39 ± 0.05
N2 4.9 ± 0.4 5.0 ± 0.6 3.7 ± 0.1 3.9 ± 0.2 4.0 ± 0.2
N2 4.0 ± 0.4 2.54 ± 0.07
N3 1.24 ± 0.05 1.48 ± 0.09 1.77 ± 0.04 1.7 ± 0.1 1.93 ± 0.07
N3 2.3 ± 0.3 1.9 ± 0.2 1.8 ± 0.1 2.5 ± 0.3 2.0 ± 0.1
N3 2.0 ± 0.2 1.8 ± 0.1
2MASS (mag)
J 16.57 ± 0.04
H 14.59 ± 0.02
Ks 10.72 ± 0.01 9.06 ± 0.02 10.59 ± 0.02
VISTA (mag)
J 16.75 ± 0.09 17.77 ± 0.30
H 15.4 ± 0.1 13.20 ± 0.01 13.51 ± 0.01
Ks 16.13 ± 0.15 18.3 ± 0.3 11.70 ± 0.01 11.92 ± 0.01 11.08 ± 0.01 17.0 ± 0.5 12.01 ± 0.01
GLIMPSE (mag)
irac36 7.91 ± 0.03 8.27 ± 0.03 6.77 ± 0.06 9.96 ± 0.05 6.55 ± 0.05
irac36 10.22 ± 0.06
irac45 5.80 ± 0.05 7.10 ± 0.03 4.91 ± 0.05 7.06 ± 0.04 5.37 ± 0.08
irac45 7.31 ± 0.04
irac58 4.10 ± 0.02 4.81 ± 0.02 3.89 ± 0.02 4.87 ± 0.02 4.35 ± 0.04
irac58 5.05 ± 0.03
irac80 3.00 ± 0.02 3.20 ± 0.06 4.55 ± 0.15
AllWISE (mag)
WISE1 (3.4 µm) 9.73 ± 0.03 8.35 ± 0.02 10.20 ± 0.03 7.35 ± 0.03 6.98 ± 0.03 7.29 ± 0.03 11.43 ± 0.08 7.02 ± 0.03
WISE2 (4.6 µm) 6.63 ± 0.02 6.86 ± 0.02 6.42 ± 0.02 5.15 ± 0.06 4.62 ± 0.04 5.07 ± 0.04 7.24 ± 0.02 5.19 ± 0.08
WISE3 (12 µm) 2.75 ± 0.01 2.21 ± 0.01 2.38 ± 0.01 2.70 ± 0.01 2.48 ± 0.02 3.35 ± 0.01 3.10 ± 0.01 2.09 ± 0.01
WISE4 (22 µm) 0.34 ± 0.02 0.06 ± 0.01 0.18 ± 0.02 0.65 ± 0.01 0.53 ± 0.02 1.23 ± 0.02 0.52 ± 0.02 0.12 ± 0.01
ISOGAL (mag)
LW2 (7 µm) 3.47 ± 0.01
LW3 (15 µm) 1.54 ± 0.03
IRAS (Jy)
F12 3.6 ± 0.4 2.5 ± 0.3 3.4 ± 0.3 3.6 ± 0.4 2.0 ± 0.2 5.0 ± 0.5 3.1 ± 0.3 4.7 ± 0.5
F25 8.5 ± 0.9 7.9 ± 0.8 8.5 ± 0.9 5.9 ± 0.6 4.3 ± 0.4 6.8 ± 0.7 8.2 ± 0.8 8.4 ± 0.8
F60 4.3 ± 0.4 7.1 ± 0.7 4.4 ± 0.4 1.5 ± 0.2 2.2 ± 0.2 7.1 ± 0.7 2.6 ± 0.3
MSX (Jy)
A (8.28) 2.1 ± 0.2 2.1 ± 0.2 2.3 ± 0.2 2.8 ± 0.3 2.1 ± 0.2 2.3 ± 0.2 1.5 ± 0.5 2.9 ± 0.3
C (12.13) 3.7 ± 0.4 3.4 ± 0.3 2.9 ± 0.3 4.9 ± 0.5 2.7 ± 0.3 2.9 ± 0.3 2.4 ± 0.2 4.0 ± 0.4
D (14.65) 4.9 ± 0.5 5.8 ± 0.6 5.5 ± 0.6 5.2 ± 0.5 3.3 ± 0.3 3.1 ± 0.3 4.3 ± 0.4 5.0 ± 0.5
E (21.34) 5.8 ± 0.6 5.4 ± 0.5 7.1 ± 0.7 4.7 ± 0.5 4.0 ± 0.4 3.0 ± 0.5 5.5 ± 0.6 6.2 ± 0.6
MIPS (mag)
mips24 0.58 ± 0.02 1.05 ± 0.02
AKARI (Jy)
S9 2.7 ± 0.6 2.59 ± 0.60 2.47 ± 0.40
S18 4.7 ± 0.9 5.9 ± 0.4 4.3 ± 0.2 3.79 ± 0.01 2.47 ± 0.02 6.94 ± 1.27 4.89 ± 0.62
S65 2.09 ± 0.22
S90 2.2 ± 0.2 1.9 ± 0.4 1.78 ± 0.08
PACS (Jy)
70 2.1 ± 0.3 6.4 ± 1.3 3.3 ± 0.7 5.3 ± 1.1
140 0.4 ± 0.1 1.1 ± 0.2 0.4 ± 0.1 0.9 ± 0.2
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with the Herschel PACS spectrometer (Pilbratt et al.
2010; Poglitsch et al. 2010) in the open time programme
“Study of the cool forsterite dust around evolved stars”
(OT2 jblommae 2). The flux densities given in Table 2 are
the continuum levels at 70 and 140 µm of the central spaxel
as obtained from archive pipeline product v14. The flux den-
sities were corrected for the missing part of the point spread
function (PSF). The formal uncertainties of the PACS spec-
trometer flux calibration is 15%.
Figure 1 shows the obtained SEDs and the model fits ob-
tained (see Section 4.1). The figure also includes the Spitzer-
IRS spectrum covering the 5-37 µm wavelength range and
which are taken from Golriz et al. (2014). All sources show
typical SEDs for OH/IR stars, i.e. an optically thick silicate-
rich dust shell with strong absorption features at 9.7 and
18 µm.
3.2 CO Observation and data reduction
The CO J= 2-1 and J= 3-2 transitions were observed with
the APEX telescope located in the Atacama dessert in Chile
(Gu¨sten et al. 2006). The observations were obtained in ser-
vice mode on September 11, 12, 13, November 10, 11, 12,
2011 (I17276, I17323, I17521, I18042) and September 26,
27, 29, 30, 2012 (I17251, I17347, I17413, I17382). Weather
conditions varied but most observations were taken with a
precipitable water vapour (PWV) between 0.7 and 1.3 mm
for the J= 3-2, and between 1 and 2 mm for the J= 2-1 tran-
sition. The APEX-1 and APEX-2 receivers of the Swedish
Heterodyne Facility Instrument (SHeFI)2 (Belitsky et al.
2006; Vassilev et al. 2008) were tuned to the CO J= 2-1 and
3-2 line, respectively. The beam size and the main-beam
efficiency at these frequencies are 26.4′′ (FWHM), ηmb=
0.73, respectively, 17.3′′, 0.75. The XFFTS (eXtended band-
width Fast Fourier Transform Spectrometer) backend (see
Klein et al. (2012)) was connected to the receivers. Wobbler
switching was used with a throw of 50′′. Regular observa-
tions of bright sources were performed to check the pointing
and calibration.
The data were reduced in CLASS3. Linear baselines
were subtracted avoiding regions that were affected by in-
terstellar contamination and the location of the CO detec-
tion (or using the velocity range suggested by the OH maser
emission line in case of a CO non-detection). Typical to-
tal integration times per source were 40-50 minutes for the
J=2-1 and 100-130 minutes for the J=3-2 transitions, lead-
ing to a RMS of ≈ 10 mK for both transitions at a velocity
resolution of 1 km s−1.
The resulting profiles are shown in Figure 2 plotting
main-beam temperatures against velocity (using the LSR as
the velocity reference).
The profiles were fitted with our own Fortan version
of the ”Shell” profile available within CLASS/GILDAS soft-
ware package4,














where V0 is the stellar velocity (in km s
−1), I is the inte-
grated intensity (in K km s−1), ∆V the full-width at zero
intensity (in km s−1, and the expansion velocity vexp is taken
as half that value), and H the horn-to-center parameter.
This parameter described the shape of the profile, with −1
for a parabolic profile, 0 for a flat-topped one, and > 0 for a
double-peaked profile. In the fitting below, a parabolic pro-
file was assumed for all cases. From the fitting we obtain
the stellar radial and expansion velocities. However as the
CO profiles are relatively weak, we have chosen to use the
OH velocity information and keep the stellar and expansion
velocities fixed. Groenewegen et al. (1998) compared expan-
sion velocities derived from OH and CO observations and
found that generally the CO profiles are 12% wider and we
applied this correction for our fitting.
The results are listed in Table 3. The errors in the pa-
rameters were estimated by a Monte Carlo simulation where
the intensity in every channel was varied according to a
Gaussian with the observed rms noise (assuming the chan-
nels are independent), and the profile refitted. For sources
where we could obtain an independent fitting of the CO pro-
file, without using the OH velocities we give the obtained
velocities in the same Table. The ”CO” and ”modified OH”
velocities generally agree within the errors.
4 ANALYSIS
4.1 Modelling of the IR data
The models are based on the ”More of DUSTY” (MoD)
code (Groenewegen 2012) which uses a slightly updated and
modified version of the DUSTY dust radiative transfer (RT)
code (Ivezic´ et al. 1999) as a subroutine within a minimiza-
tion code. The code determines the best-fitting dust optical
depth, luminosity, dust temperature at the inner radius and
the slope, p, of the density distribution (ρ ∼ r−p) by fitting
photometric data and spectra (and visibility data and 1D
intensity profiles, but these data are not available for the
sample considered here). The code minimizes a χ2 based
on every available photometric and spectroscopic datapoint,
but also calculates the chi2 for the photometric and spectro-
scopic datapoints seperately. This allows the user to weigh
the spectroscopic data relative to the photometric data. In
practise the errorbars on the spectroscopic dataset are scaled
(typically by a factor of order 0.2) so that photometry and
spectroscopy give roughly equal weight to the overall fit. In
the present model the dust temperature at the inner radius
has been fixed to 1000 K, and we assume a r−2 density law,
only fitting for the luminosity and dust optical depth (at
0.55 µm). The outer radius is set to a few thousand times
the inner radius, to where the dust temperature has reached
20 K, typical of the ISM. MoD does not take into account
the actual heating of the dust grains by the ISM and so this
is an approximation. Because of interaction of the expand-
ing AGB wind with the ISM there can also be deviations
for a r−2 density law. These approximations have no im-
pact on the results as there is no far-IR data available for
our sample that could constrain these values. The longest
wavelength data available for some stars is the PACS data
at 140 µm. Some test calculations indicate the the flux in
this filter is reduced by less that 10% if the outer radius were
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Figure 2. The APEX CO (2-1) and (3-2) line spectra, together with the line fits (in black) and the model predictions (dashed blue).
For a description, see Sections 3.1 & 4.2.
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Figure 2 (Cont.). No detection for IRAS 17413–3531, the blue line indicates the predicted line strength from our dynamical modelling
at a LSR velocity of 0 km s−1.
Table 3. CO data fitting results.
IRAS VLSR ∆V T2−1,peak I2−1 T3−2,peak I3−2 VLSR(2− 1) ∆V (2 − 1) VLSR(3 − 2) ∆V (3− 2)
name (km s−1) (km s−1) (K) (K km s−1) (K) (K km s−1) (km s−1) (km s−1) (km s−1) (km s−1)
17251-2821 -165.0 35.8 0.027 ± 0.002 0.637 ± 0.042 0.014 ± 0.002 0.327 ± 0.047 -162.3 ± 0.9 37.1 ± 2.4 -160.0 ± 0.5 28.3 ± 3.3
17276-2846 -55.8 34.5 0.013 ± 0.004 0.305 ± 0.090 0.024 ± 0.004 0.55 ± 0.10 -55.7 ± 2.0 31.7 ± 6.1 -53.6 ± 2.0 36.7 ± 5.9
17323-2424 55.9 31.6 0.016 ± 0.005 0.336 ± 0.096 - - 58.9 ± 1.5 28.0 ± 4.0
17347-2319 82.0 17.9 0.017 ± 0.003 0.198 ± 0.039 0.005 ± 0.004 0.065 ± 0.046
17382-2830 -51.2 39.2 - - 0.012 ± 0.003 0.312 ± 0.086
17413-3531 - - - - - -
17521-2938 -72.3 36.4 0.017 ± 0.003 0.416 ± 0.067 0.014 ± 0.003 0.323 ± 0.075 -73.3 ± 2.2 47.3 ± 6.7 -75.0 ± 3.0 40.9 ± 8.0
18042-2905 54.2 33.5 0.015 ± 0.002 0.338 ± 0.043 0.011 ± 0.003 0.236 ± 0.076 55.3 ± 1.3 28.9 ± 2.9 51.6 ± 3.9 28.5 ± 7.0
Notes: The VLSR and ∆V are taken from the OH observations. For the sources where an independent fit of the CO profile was possible
(see Section 3.2), the velocities are given in the last 4 columns.
reduced by a factor of ∼ 4 below 1000 times the inner radius
to where the dust temperature is about 30-35 K.
Several combinations of dust species have been tried to
obtain a best fit. They were olivine (amorphous MgFeSiO4,
optical constants from Dorschner et al. (1995)), compact
amorphous aluminum oxide (Begemann et al. 1997), and
metallic iron (Pollack et al. 1994). The resulting abundance
ratios for each source are given in Table 4.
Astronomical grains are not solid spheres and to mimic
this the absorption and scattering coefficients have been cal-
culated assuming a ”distribution of hollow spheres” (DHS,
Min et al. 2003) with a maximum vacuum volume fraction
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of 0.7, that is appropriate for interstellar silicate dust grains
(Min et al. 2007). An advantage of a DHS is that the ab-
sorption and scattering coefficients can be calculated ex-
actly for arbitrary grain sizes. Single sized grains of 0.1,
0.2 and 0.5 µm have been considered. The largest grain size
used is inspired by recent observations of dust around O-rich
stars (Norris et al. 2012; Scicluna et al. 2015; Ohnaka et al.
2016).
The stellar photosphere was represented as a MARCS
model atmosphere5 (Gustafsson et al. 2008) of 2600 K (and
log g= 0.0, 2 M⊙, and solar metallicity). As shown below,
all stars are so dust enshrouded that the SED fitting is in-
sensitive to the input model atmosphere.
A canonical distance of 8 kpc has been assumed, slightly
smaller than the value quoted in the recent review by
de Grijs & Bono (2016), 8.3 ± 0.2 (statistical) ± 0.4 (sys-
tematic) kpc and which is based on an analysis of the up-to-
date most complete database of Galactic Centre distances.
The reddening law used in MoD is described in
Groenewegen (2012). The interstellar reddening AV is taken
from vH2007 (see Table 1).
The model fits are shown in Figure 2 and the resulting
parameters (L∗, Rin, M˙d, dust optical depth τV, grain size,
grain density ρ, and flux-weighted dust extinction coefficient
< Q >) in Table 4.
Error bars are not listed explicitly as they are difficult
to estimate. The fitting returns the error on the parameters
(luminosity and optical depth in this case). These are typi-
cally very small as the resulting χ2 are large (reduced χ2 in
the range 40-600). This is related to the fact that the stars
are variable and the SED is constructed by combining multi-
epoch data, without any attempt to average data in similar
filters. As the amplitude of the variability is (much) larger
than the error on a single measurement this implies that
the χ2 is typically always large. One estimate for the error
in luminosity and optical depth (hence dust MLR) comes
from the internal error scaled to give a reduced χ2 of unity.
A second estimate for the error comes from the values of
the parameters in a range of χ2 above the best-fitting value.
This is required in any case, as for example the absorption
and scattering coefficients are external to the code, and the
model is only run on a grid with discrete values of the pa-
rameters (grain sizes and dust composition in this case).
Based on the above considerations, our best estimate
for the 1 σ error on the luminosity is 10%, but that does not
include the spread in distances because of the depth of the
Bulge (±1.4 kpc, which gives a possible deviation of ±35%
in L). The MLR scales linearly with the adopted distance.
As stated above, the errorbars on the spectroscopic dat-
apoints is reduced by a certain factor as to give all spectro-
scopic datapoints about equal weight in the fitting as all the
photometry points. Changing this scaling factor by a factor
of two leads to a change of less than 10% in the MLR and
less than 1% in luminosity.
The error on the optical depth is also of order 10%,
but the error on the dust MLR is larger. This is related
to the derived inner radius. The error on that quantity is
5%, but there is a much larger error involved due to the
unknown effective temperature and dust temperature at the
5 http://marcs.astro.uu.se/
inner radius (both are hard to determine and have been
fixed). A realistic error on the inner radius would be a factor
of 2, and this is then also a realistic error on the derived dust
MLRs.
The best fitting grain size is given (out of the considered
values of 0.1, 0.2, and 0.5 µm), but none of the values can
be excluded. A larger grain size will lead to a higher dust
extinction (less flux at shorter wavelengths), which could
also be mimicked by a larger interstellar extinction. The val-
ues of the flux-weighted extinction coefficient scale with the
adopted grain size. To evaluate the impact we redid the SED
modelling of IRAS 17251–2821, assuming a 0.1 µm grain
(c.f. 0.5 µm grains in our best fit model). The luminosity re-
mained unchanged, but the inner dust radius decreases from
12.2 to 9.1 R∗ and the dust mass loss rate increases by 40%.
4.2 Modelling of the CO data
To derive the gas MLR, we assume that the dust is driven by
the radiation pressure and that the gas is driven by collisions
with the dust particles. For this, we solve the equation of mo-
tion for dust-gas interaction based on Goldreich & Scoville
(1976). The dust MLR and stellar parameters as well as the
dust properties are taken from the SED modelling in section
4.1. We assumed that the stellar mass for these Bulge OH/IR
stars is 2 M⊙. The initial masses of the OH/IR stars will be
further discussed in Section 7. In order to drive the gas to
the observed gas terminal velocity, we input the gas-to-dust
mass ratio. Hence, we obtain the dynamical gas MLR for
each object. At the same time, we calculate the dust drift
velocity, vdrift, via
v2drift =
< Q > L∗ ve
M˙ c
(2)
where M˙ is the total MLR and ve the gas velocity which
is measured from the OH maser observations (Table 1) and
corrected to the terminal velocity hence the gas velocity is
1.12×vOH (as described in 3.2). The dust velocity is simply
ve+vdrift. The dust mass loss required to fit the SED is then
modified by the derived dust velocity, vdust. The SED fitting
measures the dust column density hence keeping M˙dust/v
will maintain the overall SED fit. The modified dust MLR
is again used as an input in the dynamical calculation in the
iterative process to calculate the gas velocity and the dust
velocity by modifying the dust-to-gas mass ratio.
The new value of the dust velocity is then used to cal-
culate an updated dust MLR (keeping the M˙dust/vdust con-
stant).
This iterative process is said to be converged when the
values of the successive dust velocities agree to better than
1%. Table 5 lists the parameters derived from the dynamical
calculations.
In general, we can use the velocity profile to probe the
formation of lines with different excitation but in this study,
CO J=2-1 and 3-2 arise in the region where the wind has
reached its final velocity and hence do not probe the accel-
eration zone.
We assume that the metallicity of the stars in the Galac-
tic Bulge is approximately solar (Uttenthaler et al. 2015)
and thus take a cosmic abundance of carbon and oxygen
hence the CO abundance, CO/H2, is 3×10
−4. We used
the molecular radiative transfer code based on works by
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Table 4. SED modelling parameters.
IRAS L∗ Rin M˙d grain size dust mix < Q > ρ τV
name (L⊙) (R∗) (10−8 M⊙ yr−1) (µm) (g cm−3) (at 0.55 µm)
17251-2821 4780 12.2 9.8 0.50 MgFeSiO4:Al2O3:Fe = 90:10:10 0.25 2.70 64.5
17276-2846 5120 13.6 20.6 0.50 MgFeSiO4:Fe = 100:10 0.20 2.65 119.0
17323-2424 4960 12.1 13.3 0.50 MgFeSiO4:Fe = 100:30 0.32 3.45 90.8
17347-2319 3880 9.2 6.6 0.20 MgFeSiO4:Al2O3:Fe = 95:5:10 0.10 2.68 106.0
17382-2830 5460 13.5 7.7 0.50 MgFeSiO4:Al2O3:Fe = 90:10:3 0.23 2.35 41.7
17413-3531 4920 9.0 2.5 0.50 MgFeSiO4:Al2O3:Fe = 80:20:30 0.50 3.52 23.0
17521-2938 4110 13.8 20.0 0.50 MgFeSiO4:Fe = 100:10 0.20 2.65 127.0
18042-2905 4600 7.9 4.3 0.10 MgFeSiO4:Fe = 100:30 0.075 3.45 37.7
Notes: The dust MLR M˙d is determined for a 10 km s
−1 expansion velocity. < Q > is the flux-weighted extinction coefficient and ρ,
the grain density.
Table 5. CO modelling parameters.
IRAS ve vdrift M˙d rgd M˙ ǫ
name (km s−1) (km s−1) (10−7 M⊙ yr−1) (10−5 M⊙ yr−1)
17251-2821 17.9 6.3 2.4 167 4.0 0.72
17276-2846 17.2 4.4 4.5 195 8.7 0.75
17323-2424 15.8 5.5 2.9 324 9.5 0.75
17347-2319 9.0 2.8 7.8 385 3.0 0.75
17382-2830 19.6 7.8 2.1 106 2.2 0.75
17521-2938 18.2 4.5 4.6 154 7.0 0.75
18042-2905 16.7 3.9 0.9 366 3.2 0.75
Notes: The dust MLR is corrected for the obtained dust velocity (see Section 4.2). The ǫ parameter is the slope of the gas temperature
power law, see Eq. 3.
Schoenberg & Hempe (1986) and Justtanont et al. (2004) to
simulate the CO lines. We took into account up to J=30 lev-
els for both the ground and first vibrational states of CO.
The collisional rates for between the rotational states in both
v=0 and 1 are taken from Yang et al. (2010).
We assume a gas temperature law in a form
Tg(r) = Teff/r
ǫ (3)
where Teff is the effective temperature of the star and ǫ is a
gas temperature exponent between 0.7 - 0.75 (see Table 5)
which gives the best result for to the observed CO profiles.
We take into account the infrared pumping by the dust and
assume a dust temperature in a form of
Td(r) = Tcon/r
η (4)
where Tcon is the dust condensation temperature, 1000 K
and η is a dust temperature exponent of 0.45 - a slope
derived from a single power law from the dust SED mod-
elling. We set the CO outer radius to be at 1.5 times the
CO photodissociation radius set to be where the CO abun-
dance drops to half its initial value (Mamon et al. 1988).
Since the time this analysis was performed, one of our co-
authors presented a new paper on the calculation of the CO
photodissociation radius (Groenewegen 2017), based on im-
proved numerical method and updated H2 and CO shielding
functions. Taking the resulting radius for a star with a MLR
of 5 × 10−5M⊙ yr
−1 from his Table 1, as a representative
case for our sample, we find a radius which is 10% smaller
than what we used, on basis of Mamon et al. (1988), well
within the uncertainties.
The CO line intensities derived from our dynamical
modelling are plotted together with our CO data in Figure 2.
It should be mentioned that at these high MLR (> 10−5M⊙
yr−1) the optically thick spectral lines become saturated
(Ramstedt et al. 2008), so that the line intensities become
less dependent to the MLR. This has no effect on our de-
rived MLR as this is obtained from the dynamical modelling.
The calculated CO lines are more sensitive to the gas kinetic
temperature which is described by eqn. 3.
The dynamical MLR is derived from the assumption
that the dust driven wind varies smoothly as 1/r2 for
a spherical symmetric wind outside the acceleration zone
where it has reached a constant terminal velocity. Contrary
to the modelling of OH/IR stars by Justtanont et al. (1996),
there is no need to shorten the CO outer radius. For the
sample of our study no significant change in the MLR is
required to fit the CO profile. We will further discuss this
issue in Section 8.
The derived gas-to-dust mass ratios range from about
100 to 400 and reflect a large range seen in galactic objects
(Justtanont et al. 2006). The derived MLRs are reasonably
moderate for OH/IR stars and lower than those derived
from galactic extreme OH/IR stars which show MLRs in
excess of 10−4 M⊙ yr
−1. The latter stars are thought to be
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intermediate-mass stars with initial masses Minit > 5 M⊙
based on their low 18O/17O ratios (Justtanont et al. 2015).
In order to check how the input parameters affect the
outcome, we changed the velocity by ±15% and calculate
the resulting dust and gas mass loss rates. Changing the gas
velocity by 15% changes the dust mass loss rate and the
dust (gas + drift) velocity by the same amount but affects
the gas-to-dust by 25%. The combined changes result in a
change in the derived gas mass loss rate by ∼ 10%.
Just like in Section 4.1 we investigate here the effect
of using a smaller 0.1 µm grain in our modelling for IRAS
17251–2821. With the smaller grain size we find a smaller
vdrift = 2.2 km s
−1 in the dynamical modelling and hence
obtain a difference of only 15% in M˙d, rather than the
40% we obtained in Section 4.1. The total MLR becomes
5.2 10−5M⊙yr
−1, i.e. 30% higher than in the 0.5 µm grain
case and the rgd becomes 190 vs 167 (see Table 5).
4.3 Periods of the variables
Amongst the Long Periodic Variable stars, OH/IR stars are
known to have the largest amplitudes (∼ 1 magnitude bolo-
metric) and the longest periods (several hundreds up to more
than a thousand days). vH2007 monitored the stars in near-
infrared bands (J,H,K and L). For four sources the period
of variability could be established which are indicated in Ta-
ble 6. The other sources showed either variability, but no pe-
riod could be established or were not detected in the K band.
More recently, multi-epoch observations from the VVV sur-
vey in the K-band (we used public data from DR4) and the
AllWISE Multi epoch Photometry Table and the Single Ex-
posure (L1b) Source Table from the NEOWISE reactivation
mission (Mainzer et al. 2014) became available. For the lat-
ter we used data in the W2 filter at 4.6 µm where the OH/IR
stars stand out as bright stars with respect to the surround-
ing stars. We did not use the longer wavelength filters W3
and W4, as the PSF becomes larger and increases the risk
of crowding. We only used data with individual error bars
less than 0.04 mag.
The K- and W2-band data were investigated separately
to determine the periods, amplitudes and mean magnitudes
using the program Period04 (Lenz & Breger 2005).
The periods, averaged magnitude over the light curve
and the amplitude are shown in Table 6. For IRAS 17251–
2821, which is very weak at K (14.5 mag), we were able to
establish a period on the basis of the K-band VVV survey
data where previously vH2007 could only establish that the
source was variable but could not determine a period. For
the four sources with periods determined in vH2007 and now
from the VVV-survey we find similar periods, only deviat-
ing by a few percent, except for IRAS 17347–2319 (see Sec-
tion 4.4). The vH2007 monitoring period took place in 2004
– 2006 and the VVV data covers 2011 – 2013, so that slight
changes might be real. The average K magnitudes are gen-
erally fainter for the VVV survey than in the vH2007 result,
which can be explained by the difference in the filter profile
of the MSSO K band (McGregor 1994) and the Ks band
used in the VISTA system (Minniti et al. 2010), combined
with the very red SEDs of our sources. IRAS 17347–2319 and
18042–2905 show consistent K-band amplitudes, 17382–2830
and 17413–3531 show much smaller amplitudes in our new
fitting. For the latter source this might be related to the
lower quality of the VVV photometry and subsequently of
our fit.
For all our sources we were able to determine periods
from the WISE survey. The fact that our sources are brighter
at 4.6 µm and suffer less of source confusion is likely to
explain this higher success rate. The periods are consistent
with what is derived from the VVV K-band survey. In case
of the WISE data the period from vH2007 or the period
determined from analysing the VVV data was used as a first
guess and the program was allowed to converge. In the cases
that there was only WISE data available, several periods
were tried. For the further analysis, we adopt one period per
source. In case of 2 K-band periods, we use the average value,
for IRAS 17251–2821 we adopt the VVV derived period and
in all other cases we take the WISE band derived value. The
adopted periods are given in the last column of Table 6.
4.4 Comments on individual sources
• IRAS 17382-2830: Only source where we could only
detect the CO (3-2) transition, and not the (2-1). The
overall noise of the CO (2-1) measurement is not differ-
ent from the other measurements but this source is signif-
icantly closer to the galactic plane (latitude approximately
1 degree). The background subtraction is more problem-
atic because of the interference from the interstellar CO gas
(Sargent et al. 2013). The stellar velocity taken from the OH
is at −51.2 km s−1(LSR) which overlaps with a region des-
ignated by Dame et al. (2001) as the Nuclear Disk, which
may cause the stronger fluctuations in the baseline between
-70 and +10 km s−1. This would also explain the fact that
whereas the other stars have stronger CO (2-1) than (3-2)
detection, we here detect only the 3-2 transition, which is
less hampered by the ISM.
• IRAS 17413-3531: No CO emission was detected. It is
the bluest source in our sample with the 9.7 µm band still
partially in emission and has the lowest M˙d (Table 4). The
CO emission may be too weak for a detection in our survey.
• IRAS 17347-2319: Only a weak CO detection but the
star has a very red SED with a high τV and a strong silicate
absorption band at 9.7 µm, indicating a high MLR. The star
has only a relatively short period (355 days in vH2007 and
290 days in our analysis). This star will be further discussed
in Section 6.5.
• IRAS 17276-2846: This is one out of three sources in
common with the sample studied by JEE15. They find a
double-peaked SED for this source, where the ’blue’ peak
below 2 µm is believed to correspond to the stellar photo-
sphere and the red part to the mass loss during the AGB.
The star would have now ended the AGB phase and has
become a so-called proto-planetary nebula. We do not fol-
low this interpretation. Both the modelling of the SED and
the CO line strengths point to a present high MLR. The
IRS spectrum still shows a very strong 9.7 µm absorption
band, which would disappear rapidly after the mass loss has
stopped (Justtanont et al. 1992). On the basis of the WISE
data we also find that the star is variable with a large am-
plitude (∆W2 = 0.72 mag) and so likely still on the AGB.
We believe that the ’blue’ counterpart is not associated with
the OH/IR star, but a nearby confusing source and was thus
not further considered for our analysis.
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Table 6. Variability parameters.
vH2007 VVV WISE
IRAS name Period < K > ∆ K Period < K > ∆ K Period < W2 > ∆ W2 adopted
(days) (mag) (mag) (days) (mag) (mag) (days) (mag) (mag) P (days)
17251-2821 – 14.47 693 (7) 16.07 (0.11) 0.98 (0.02) 681 (3) 5.74 (0.03) 1.10 (0.05) 693
17276-2846 – 488 (15) 7.35 (0.02) 0.72 (0.03) 488
17323-2424 – 552 (5) 6.53 (0.05) 0.94 (0.06) 552
17347-2319 355 11.09 0.23 290 (3) 11.64 (0.02) 0.26 (0.02) 292 (1) 4.99 (0.04) 0.86 (0.05) 323
17382-2830 594 11.56 1.23 629 (9) 12.2 (0.2) 0.78 (0.03) 625 (6) 4.38 (0.07) 1.09 (0.07) 611
17413-3531 624 10.09 1.10 664 (18) 11.22 (0.05) 0.68 (0.06) 639 (9) 5.38 (0.03) 1.03 (0.04) 644
17521-2938 – 562 (3) 7.20 (0.01) 0.51 (0.02) 562
18042-2905 594 10.87 0.78 574 (5) 11.71 (0.04) 0.80 (0.04) 556 (3) 5.28 (0.03) 0.86 (0.04) 584
Notes: Periods and semi-amplitudes taken from Vanhollebeke (2007) and newly determined on basis of VVV and WISE survey data
(see text). Uncertainties are given between brackets, but are not available in vH2007. The last column gives the period that is further
used in the analysis.
5 COMPARISON WITH JEE15 ON L∗, M˙AND
RGD
As described in Sections 4.1 and 4.2, the modelling of the ob-
served SED and the CO measurements is a two-step process
where first the infrared observations are fitted. The resulting
dust MLR is used as an input to derive the gas-to-dust ra-
tio, and hence the gas MLR and CO density leading to CO
(2-1) and (3-2) transition line strengths. The MLRs ranging
from 10−5 to 10−4 M⊙ are typically what is expected from
OH/IR stars and are not extremely high as MLRs in excess
of 10−4 M⊙ yr
−1 have also been found (Justtanont et al.
2015). Comparison of MLRs with other studies needs to be
done with care as different modelling methods and assump-
tions can lead to different estimates of the mass loss and
gas-to-dust ratios. Also, in many studies the modelling is
done on either only observed SEDs or have only CO mea-
surements available. Here we compare our results with those
of JEE15 on a larger sample of Bulge OH/IR stars.
The JEE15 modelling is restricted to the SED fitting,
making use of the OH maser observations to have an esti-
mate of the expansion velocity. They use the DUSTY ra-
diative transfer code (Ivezic´ et al. 1999) to determine the
luminosities and MLRs. We have three stars in common in
our samples. For IRAS 17251–2821 they give a range of lu-
minosity 3 100 - 7 200 L⊙ where we find 4 780 L⊙. The MLR
ranges from 1.7 to 3.4 10−5 M⊙ yr
−1 in JEE15 versus our
slightly higher value of 4.8 10−5 M⊙ yr
−1. For IRAS 17322–
2424 we find a larger difference in the MLR: 4.2 10−5 vs.
our 9.5 10−5 M⊙ yr
−1 and comparable luminosities: 4 200
and 4 960 L⊙, respectively. JEE15 quote an uncertainty of
a factor of 2 for the MLRs of the individual sources. For
IRAS 17276–2846, the third source that is in common in
our samples, they do not give model results, as they believe
that the source has left the AGB (see Section 4.4).
To get a broader comparison with their results, we also
compare their average values for their larger sample with
ours. As mentioned in Section 2, JEE15 selected a sample
which includes brighter IRAS sources than we have. They
divide their sample into low- and high-luminosity groups,
where their division lies at 7,000 L⊙. As our stars all belong
to the first group, we will only compare with the average
values for the MLRs of the so-called low-luminosity group.
The thirteen ’low-luminosity’ sources in JEE15 have an av-
erage MLR of 2.7 10−5 M⊙ yr
−1 with a standard deviation
of 1.6 10−5 M⊙ yr
−1 versus our (5.4 ± 3.0) 10−5 M⊙ yr
−1.
JEE15 also used their DUSTY results to derive the gas-to-
dust ratio, based on the SED fit and the expansion velocity,
when known from the OH maser profile. This results in a
value of rgd = 44± 20, which is considerably lower than the
average value that we find of 242± 113.
The differences in total MLRs and gas-to-dust ratios
between JEE15 and ours may be explained by the differ-
ent assumptions and inputs used in the modelling of the
SED. JEE15 make use of optical constants for amorphous
cold silicates from Ossenkopf et al. (1992) and the stan-
dard MRN Mathis et al. (1977) dust size distribution with
n(a) ∝ a−3.5, where n is the number density and a is the
size of the grains. The grain sizes were limited to 0.005
≤ a ≤ 0.25 µm. Our assumptions are described in Sec-
tion 4.1. We make use of a combination of dust species and
a single grain size, selecting the best fitting one from 0.1, 0.2
and 0.5 µm respectively. Six out of eight sources gave a best
fit with a grain size of 0.5 µm, so larger than what was used
in the JEE15 modelling.
To illustrate the impact of the assumed dust properties
used, we redid the modelling of IRAS 17347–2319, using
the silicates from Justtanont & Tielens (1992) with a grain
size of 0.2 µm and a specific density of 3.3 g cm−3. The
resulting total M˙ = 1.60 10−5 M⊙ yr
−1and a rgd = 202 are
both a factor of approximately two lower than the values
given in Table 5. JEE15 made a comparison of their gas-
to-dust ratio with the modelling by Justtanont et al. (2006)
of OH/IR stars in the Galactic Disk. They conclude that
the Bulge OH/IR stars are on the low side in comparison
to the values given by Justtanont et al. (2006) which range
from 50 to 180. Assuming that the factor 2 difference in the
gas-to-dust ratio for IRAS 17347–2319 that we find between
our present modelling and the modelling using the input
from Justtanont et al. (2006), applies to our entire sample,
we find a similar range of rgd as what was found for the Disk
stars.
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Figure 3. Period-Luminosity diagram for the OH/IR stars with
the PL relation taken fromWhitelock et al. (1991). The error bars
indicate the uncertainty from the SED modelling. The point at
log P = 2.9 gives the spread in luminosity because of the depth
of the Bulge
6 THE CHARACTERISTICS OF THE
OBSERVED SAMPLE
In this Section, we will investigate what we can learn about
important parameters for the understanding of the AGB
evolution, taking advantage of having a group of stars at rel-
atively well known distance and originating of the same stel-
lar population. In the next Section we will then discuss what
we can learn about this population of stars in the Bulge.
6.1 Luminosity and Period distribution
The luminosities obtained from the SED modelling range
from approximately 4 000 tot 5 500 L⊙ and are on average
4729 ± 521 L⊙, assuming that all sources are at the distance
of the Galactic Centre, taken at 8 kpc.
The average luminosity of the sample agrees well
with the peak in the luminosity distributions found by
van der Veen & Habing (1990) (5 000-5 500 L⊙, for a dis-
tance of 8.05 kpc) and by JEE15 (≈ 4 500 L⊙, for a dis-
tance of 8 kpc). Here we want to point out that the well
known and best studied OH/IR stars often have luminosi-
ties well above 10 000 L⊙ (e.g. De Beck et al. (2010)), but
that Habing (1988) in his analysis of the galactic distribution
of IRAS sources with OH/IR-like colours found a luminosity
distribution peaking at 5 000 L⊙. The Bulge OH/IR stars
are thus not of exceptionally low luminosity.
The sample of OH/IR stars in JEE15 also contains
stars with luminosities above 10 000 L⊙ (their so-called
high-luminosity group). We do not have these because
our selection of candidate OH/IR stars is based on the
van der Veen & Habing (1990) sample as described in Sec-
tion 2. In the latter analysis of the flux distribution of IRAS
sources it is found that the stars with ”apparant” luminosi-
ties above 10 000 L⊙ (F12µm > 10 Jy) are likely stars from
the Galactic Disk population. However, because of the lower
number density, it could not be excluded that the Bulge also
contained higher luminosity OH/IR stars. In our selection of
stars to observe CO emission, we chose to select sources with
the highest probability to be genuine Bulge stars and thus
only selected stars with F12µm < 10 Jy.
Most sources have periods in the range of 500 – 700
days. This distribution corresponds to the longest periods of
the Bulge IRAS sources period distribution as determined
by Whitelock et al. (1991). As the OH/IR sources are the
most extreme AGB stars, this is no surprise. However, the
periods are certainly not as extreme as several OH/IR stars
in the Galactic Disk which have periods well above thousand
days (e.g. van Langevelde et al. (1990)).
IRAS 17347–2319 has a clearly deviant period (P =
323 days) in comparison to the other OH/IR stars and will
be discussed in the Section 6.5.
6.2 Period-Luminosity comparison
Figure 3 shows the position of our stars in the so-called
period-luminosity (PL) diagram. The full line shows the
period-luminosity relation as derived by Whitelock et al.
(1991) based on LMC oxygen-rich Mira variables with
P< 420 days (Feast et al. 1989) and Galactic Disk OH/IR
stars with phase-lag distances (van Langevelde et al. 1990).
This is the only PL relation that combines shorter pe-
riod Miras with the longer period OH/IR stars that we
are aware of. The distances towards the OH/IR stars in
van Langevelde et al. (1990) were determined with the so-
called phase-lag method and the overall uncertainty in Mbol
is still between 0.5 and 1.0 mag. Clearly our OH/IR stars
fall well below the relation as was also found for a sample of
OH/IR stars in the Galactic Centre (Blommaert et al. 1998)
and we refer to the discussion in that paper on the PL re-
lation for OH/IR stars. It should be noted that using an
extrapolation of the PL relation of the oxygen-rich Miras in
the LMC (Feast et al. 1989) would only show an even larger
deviation with our OH/IR stars than with the PL relation
used in this analysis.
Rather than considering the OH/IR stars as an exten-
sion of the Miras towards higher masses, we believe that
the OH/IR stars in this sample are to be seen as an exten-
sion of the Miras towards a further evolved phase, as will
be discussed in the next session. The PL relation is also
used to derive distances to the OH/IR stars, for instance in
De Beck et al. (2010). Although usage of the PL relation is
often the only way to get an estimate of the OH/IR star’s
luminosity, our result shows that this can lead to significant
and systematic overestimation of the luminosity.
6.3 Mass-loss rates versus Luminosity
Figure 4 shows the MLRs of our stars versus the lumi-
nosities. In this radiatively driven wind these quantities
are not independent. The relation for the so-called classi-
cal limit, i.e. only allowing one single scattering event per
photon (M˙classic = L∗/(vexp.c)), is shown in the figure.
van Loon et al. (1999) showed that for a sample of AGB
stars in the LMC several sources surpassed this limit demon-
strating that multiple scattering happens in dusty circum-
stellar envelopes (Gail & Sedlmayr 1986). van Loon et al.
(1999) suggested a new empirical upper limit which is also
indicated in Figure 4. Clearly all our sources surpass the clas-
sical limit, and three even surpass the limit suggested by van
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Figure 4. Mass-loss rate versus bolometric luminosity. The full
line shows the classical limit of a single scattering event per pho-
ton. The dashed line shows the empirical limit of MLRs that was
suggested by van Loon et al. (1999) for a sample of oxygen- and
carbon-rich stars in the LMC.
Loon. The three sources with the highest MLRs also have
the highest optical depths (Table 4), where multiple scat-
tering is likely to become increasingly important. Whether
or not our stars indeed surpass the empirical limit suggested
by van Loon et al. (1999) is more difficult to answer, consid-
ering the uncertainties one needs to take into account when
comparing MLRs derived from differerent methods (see Sec-
tion 5). Lowering the MLRs by a factor of two would bring
the highest MLRs just above the empirical relation given by
van Loon et al. (1999). On the other hand, the number of
sources with such high MLRs in their paper is small and
the limit may be uncertain because of this. They also show
that the optical depth by the circumstellar shell is related
to the K−L colour. Our sources have redder K −L colours
than the oxygen-rich stars in their sample and thus may in-
deed be more extreme than the sample of LMC stars studied
by van Loon et al. (1999). This difference in optical depth
may be related to the likely higher metallicity of the Bulge
OH/IR stars in comparison to the LMC stars. And could
indicate that difference in MLR observed is real and related
to the different populations.
6.4 Mass-loss rates versus Period
A first condition to start an efficient dust-driven wind is
the levitation of the gas, caused by large amplitude pul-
sations, to regions above the photosphere where grains
can form. Earlier studies on the mass loss showed the de-
pendency of MLRs and the pulsation period of the AGB
star (Vassiliadis & Wood (1993) and references therein)
Scho¨ier & Olofsson (2001) and De Beck et al. (2010)). In
agreement with Vassiliadis & Wood (1993), De Beck et al.
(2010) find an exponentially increasing MLR with period,
until a maximum level is reached where the MLR no longer
increases. Vassiliadis & Wood (1993) see the leveling off oc-
curing at a period of 500 days, whereas De Beck et al. (2010)
find that the MLR remains constant from approximately
850 days onward (at log(M˙) = −4.46, with M˙ in units of
M⊙ yr
−1). We will come back to the comparison with the
Figure 5. Mass-loss rate versus the variability period of our
sources. The full line shows the fit by De Beck et al. (2010) to
the MLRs in their sample for periods below 850 days. The MLR
remains constant for longer periods. The dashed lines indicate a
spread of a factor 10 around the fits, as is indicated in their Figure
14.
Vassiliadis & Wood (1993) result in the next section. Ap-
plying the relation provided by De Beck et al. (2010) for
periods shorter than 850 days:
log(M˙) = −7.37 + 3.42 × 10−3 × P (5)
gives MLRs significantly lower than our values by a fac-
tor ranging from 4 to 44 with a mean of 18 (we have excluded
IRAS 17347-2319 because of its very short variability period,
see Section 6.5). On the other hand, the scatter around the
relation in De Beck et al. (2010) is quite large (up to a factor
ten below and above the relation), so that our MLRs are not
entirely inconsistent with the MLRs obtained in their analy-
sis. We conclude however that the relation given in eqn. 5 for
periods below 850 days, is not applicable to our stars, but
that they have MLRs which agree with the ’plateau’ value
of M˙ ≃ 3.4× 10−5 M⊙ yr
−1, the region associated with the
superwind by Vassiliadis & Wood (1993).
6.5 The deviant variability behaviour of
IRAS 17347–2319
IRAS 17347–2319 is standing out in the P-L diagram be-
cause of its short period in respect to the other OH/IR
stars. The average period of the other stars is 589 days,
versus the adopted period of 323 we find for this star. The
full amplitude in the K-band is small (0.48 and 0.52 ac-
cording to vH2007 and our own analysis, respectively) only
just sufficient to be classified as a Mira variable (full ∆ K
> 0.4 mag, Feast et al. (1982)). Apart from the short pe-
riod and small amplitude, this is also the only source which
shows a deviating period between what is found by vH2007
and our own analysis (see Section 4.3). Where vH2007 finds
a period of 355 days, we find consistently a period of 290
days from the VVV and WISE data. The data used in
VH2007 was taken from mid-July 2004 until November 2006,
whereas for the VVV and WISE survey we have data start-
ing in April 2010 and ending in September 2013 for VVV
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and end of August 2015 for WISE respectively. A change
in variability is noticed in about one percent of the Mira
variables (Zijlstra & Bedding 2002; Templeton et al. 2005).
Zijlstra & Bedding (2002) define three classes: ”continuous
change”, ”sudden change” and ”meandering change”. In the
first class, a continuous increase or decrease of the order
of 15 % occurs over a period of 100 years, whereas for the
second, such a change occurs ten times faster. In the third
class, a change of about 10 % in the period duration is seen
to happen over several decades, followed by a return to the
original period. The rapid change by 18% in less than a
decade would place IRAS 17347–2319 in the second class,
which contains Mira variables like BH Cru, RU Vul and
T Umi (Uttenthaler et al. 2011). The occurance of a ther-
mal pulse, when a helium-burning shell takes over from the
hydrogen-burning shell as the main energy source on the
AGB, was suggested to explain the rapidly changing period
(Wood & Zarro 1981; Uttenthaler et al. 2011). This could
occur either in the build-up towards or in the aftermath of
the thermal pulse. The strongly changing radius and tem-
perature of the star during such a thermal pulse will lead
to a change in period (P ∝ R1.94/M0.9), luminosity and ex-
pansion velocity (Vassiliadis & Wood 1993). An alternative
explanation that has been suggested for a rapid decrease is
a pulsation mode switch from the fundamental (assumed to
be the case for Mira’s and OH/IR stars) to a low overtone
mode (like in Semi Regular Variables) (Lebzelter & Wood
2005).
Because of the large amplitude variability of this type of
stars, it is not possible to find evidence of a changing average
luminosity of IRAS 17347–2319 over the time for which we
have photometry available. However, the star has the lowest
luminosity in our sample and is about 20% lower than the
average value of our sample. Also the expansion velocity sig-
nificantly deviates from the average velocity found for the
other stars: 9.0 vs 17.6 ± 1.3 km s−1. If IRAS 17347–2319
is in a post-thermal pulse phase, one could also expect a de-
crease in the MLR to occur (Vassiliadis & Wood 1993) as is
also observed in R Hya, a Mira variable which has decreased
its period from 500 to 385 days over a time period of about
300 years (Zijlstra & Bedding 2002). Such a MLR change is
not clear from our analysis. The SED shows a very strong
obscuration in the visible and near-infrared wavelengths, to-
gether with a strong silicate absorption band indicating a
high present dust MLR. In the case of a rapidly decreasing
MLR, the stellar source would re-appear rapidly and the sil-
icate band would go into emission (Justtanont et al. 1992).
We have much less information for IRAS 17347–2319 than
for BH Cru, RU Vul and T Umi, which have been moni-
tored for decades, to confirm that it is undergoing a ’sudden
change’ in variabilty. Further follow-up of the variability and
its SED would be highly desirable as this may be the first
OH/IR type for which such a behaviour has been observed.
7 THE BULGE OH/IR POPULATION
Generally OH/IR stars are associated with stars of a few so-
lar masses. Typical such examples are stars like OH26.5+0.6
which are very bright and have been studied in consider-
able detail (e.g., Justtanont et al. 2006, 2015; Groenewegen
2012). However, the OH/IR stars in our sample show much
lower luminosities, typically in the range of 2000 - 7000 L⊙
and periods below 700 days, whereas the more luminous
OH/IR stars reach periods well above a thousand days and
luminosities of several tens of thousands times the luminos-
ity of the Sun. In contrast to a number of extreme OH/IR
stars, which are associated with active star-forming regions
in the galactic plane like the Molecular Ring, the OH/IR
stars in the Bulge likely evolved from lower initial masses
and are older, but still of intermediate age (1–3 Gyr). To
investigate this claim we will now make a comparison with
the Vassiliadis & Wood (1993) (hereafter VW93) evolution-
ary tracks.
7.1 Comparison with VW93
Groenewegen & Blommaert (2005) studied the Galactic
Bulge Mira variables on basis of the OGLE-II survey and
near-infrared photometry from the DENIS and 2MASS
all-sky databases. They show that the period distribu-
tion for stars within latitudes ranging from -1.2◦ to -5.8◦
are indistinguishable and can be explained by a popula-
tion with initial masses of 1.5 - 2 M⊙, corresponding to
ages of 1 to 3 Gyr. This result was based on synthetic
AGB evolutionary models where the synthetic AGB code
of Wagenhuber & Groenewegen (1998) was fine-tuned to re-
produce the models of VW93. VW93 provide calculations for
a range of metallicities, where Groenewegen & Blommaert
(2005) selected the Z = 0.016 model, for a solar mix.
Studies of the metallicity of non-variable M giant stars in
the Bulge give a slightly sub-solar value (Rich & Origlia
2005; Rich et al. 2007, 2012). The same metallicity was
found for a sample of variable AGB stars in the Bulge by
Uttenthaler et al. (2015). There are no direct measurements
of the metallicities of the OH/IR stars, but assuming that
they originate from the same population as the Bulge M
giants and AGB stars, the solar mix is indeed the most ap-
propriate. The other values included in the VW93 models:
Z = 0.008, 0.004 and 0.001, correspond to the LMC, SMC
and lower metallicity populations.
According to VW93 models, the maximum Mbol at the
Thermal Pulsing AGB during H-burning are −4.03, −4.52,
−4.90 mag for stars with solar metallicity and initial masses
of 1.0, 1.5 and 2.0 M⊙ respectively. The model for the 1.5
M⊙ agrees closely to the Bulge OH/IR stars luminosity (Sec-
tion 6.1). In Figure 6 we show the VW93 track (dashed
line) for a star with Minit = 1.5M⊙ and solar abundance
in the PL diagram. The track covers the three last ther-
mal pulse cycles before terminating the AGB (with a du-
ration ≈ 300, 000 years). We only include the part of track
where the luminosity is produced by hydrogen burning, ex-
cluding the thermal pulses. Also shown are the Miras used
in the Groenewegen & Blommaert (2005) analysis and our
OH/IR stars. The large spread in the Miras can be explained
by a larger spread in distance (including fore- and back-
ground sources) and the single-epoch K band photometry
which was not corrected for variability. The bolometric mag-
nitudes for the Mira stars were determined using relation B
of Kerschbaum et al. (2010). The track follows the PL rela-
tion for a large fraction where we also find the Mira stars.
However, due to the changing mass, when the stars enter
the so-called superwind phase, the period (P ∝ R1.94/M0.9)
keeps increasing while the luminosity (related to the core
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Figure 6. The PL diagram for Bulge Miras (taken from Groenewegen & Blommaert (2005)) and OH/IR stars, together with the PL
relation (Whitelock et al. (1991); full line) and the evolutionary track from VW93 for a 1.5 M⊙ star with a solar metallicity (H-burning
phase of the last three thermal pulse cycles; dotted line).
mass) stays almost constant. The track then overlaps with
the position of the OH/IR stars in our sample.
Assuming that a star with Minit = 1.5 M⊙ still needs
to lose approximately 1 M⊙ of material in its final phase
before ending as a white dwarf of about 0.5 M⊙ means that
on average this OH/IR phase will last 20,000 years. VW93
model predicts 98,000 yrs duration of the superwind. The
longer duration predicted by VW93 is possibly connected
to the single scattering ’classical limit’ they impose on the
superwind MLR. As was discussed in Section 5, the MLRs
we find surpass the classical limit by at least a factor of two.
VW93 predicts a ratio of the optical visible thermal pulsing
AGB over the superwind phase of 0.135. Blommaert (1992)
compared the numbers of IRAS sources with optical Miras
in the Bulge. For the sources with OH/IR like colours the
ratio is 0.02, significantly lower than predicted in VW93, but
in agreement with the shorter superwind duration of 20,000
years.
In Figure 6 it can also be seen that the VW tracks
allow longer periods (even above thousand days) than what
we find in our sample. This is however, only true for a short
phase near the end of the AGB, which is even more reduced
in time when allowing higher MLRs, as we find is the case
for the OH/IR stars.
7.1.1 Link between OH/IR stars and Miras in the Bulge
Further evidence for the connection between the Mira
variables and the OH/IR stars is found in their dis-
tribution in the Bulge. Whitelock & Catchpole (1992);
Groenewegen & Blommaert (2005) find that Mira stars fol-
low a ”Bar” structure with a viewing angle of approximately
45◦. Based on a dynamical modelling, Sevenster et al. (1999)
find that the OH/IR stars in the inner Galaxy are members
of the Galactic Bar with a viewing angle of 43◦ agreeing with
the distribution of the Mira stars.
Recently, Habing (2016) suggested that the galactic bar
OH/IR stars are formed in the Molecular Ring, an active
star forming region at ≈ 4 kpc from the galactic centre
(l = ±25◦) which connects to the end of the galactic bar
(Blommaert et al. 1994; Hammersley et al. 1994). The stel-
lar kinematics of the stars at the tips of the bar are equal to
those of the star-forming regions at these locations, indicat-
ing that stars formed in the molecular ring can easily become
part of the galactic bar structure. Such a scenario agrees with
the fact that we find stars of intermediate age and with the
fact that gas-to-dust ratios of our OH/IR stars show the
same range as was found by Justtanont et al. (2006) for a
sample of OH/IR stars, situated predominately in the Molec-
ular Ring. The gas-to-dust ratio is believed to be inversely
related to the metallicity of the stars (Habing et al. 1994), so
that we conclude that the metallicities of the Bulge OH/IR
stars are similar to the selection of OH/IR stars in the Disk
studied by Justtanont et al. (2006).
One final remark about the ages of the AGB stars in
the Bulge. In the last decades, there was often much de-
bate on how the Bulge could contain AGB stars like Miras
and OH/IR stars of intermediate age in a galactic compo-
nent which is believed to contain only an old stellar pop-
ulation (Renzini 1994; Kuijken & Rich 2002; Zoccali et al.
2003). This led to suggestions that the Mira population
was the result of merged binaries (descendents of blue stra-
glers, Renzini & Greggio (1990)). In the last decade there
has however been growing evidence that at least a (small)
fraction of the Bulge stars is of intermediate age as was
shown by Gesicki et al. (2014) on basis of planetary nebula,
by Bensby et al. (2013) for metal-rich dwarf stars. The ap-
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pearance of Miras and OH/IR stars in the Bulge is not so
controversial in view of these recent results.
7.1.2 Lack of carbon-rich stars in the Galactic Bulge
Finally we return to the fact that JEE15 also have higher lu-
minosity (> 10 000L⊙) OH/IR stars in their Bulge sample.
As stated in Section 2 we have not selected such stars for
our sample as their ’true’ Bulge membership is uncertain.
van der Veen & Habing (1990) in their analysis of the lumi-
nosty distribution of IRAS stars with OH/IR colours assume
that all stars with IRAS F12 > 10 Jy are disk stars. They
cannot exclude that OH/IR stars with luminosities above
10 000 L⊙ exist, but that these form at most 2% of the
population. JEE15’s analysis of the high-luminosity group,
comparing the luminosities with predictions from stellar evo-
lution models, shows that these stars have evolved from stars
withMi ≈ 2.0−6.0M⊙. JEE15 indicate that the lack of car-
bon stars in the Bulge region ((Blanco & Terndrup 1989))
or very low number as indicated in the recent paper by
Matsunaga et al. (2017), imposes problems with the stellar
evolution models. Stars with initial masses above 4 M⊙ can
remain oxygen-rich because of hot-bottom burning (HBB),
but stars in the mass range between 2 and 4M⊙ are expected
to convert to C stars because of the third dredge-up when
carbon is brought from the nuclear burning region up to
the photosphere via convection (Marigo & Girardi (2007);
Karakas & Lattanzio (2014)). If the mass range of AGB
stars in the Bulge is indeed limited to less than 2 M⊙, it
would solve the problem of non-occurance of C stars in the
Bulge region. We repeat that Groenewegen & Blommaert
(2005) do not find evidence of stars with Mi > 2M⊙ in
fields with galactic latitudes above 1.2 degrees. The com-
parison field at l = b = −0.05◦ indicated the presence of a
younger population with M ≈ 2.5− 3M⊙ and ages below 1
Gyr. This field is however much closer the Galactic Centre
and in a region called the Nuclear Bulge, which is believed
to be still active in star formation (Launhardt et al. 2002).
8 THE DURATION OF THE SUPERWIND
Our combined SED and CO modelling does not impose any
limit on the duration of the superwind (Section 4.2). The
outer radius of the CO shell is taken at 1.5 times the ra-
dius of the CO photodissociation through interstellar UV
radiation field. This is in contrast to what is found for other
OH/IR stars like OH 26.5+0.6 where the MLR derived from
fitting the SED and solving the dynamical equation of the
dust driven wind give a high MLR which overestimated the
observed low-J CO lines by an order of magnitude. A way to
reconcile the derived dynamical MLR and CO observations
is that the current MLR (measured by the warm dust) is
higher than in the past (as seen in J=2-1 CO line). High-J
CO lines observed with Herschel are consistent with a sud-
den increase in MLR in the past couple of hundred years
(Justtanont et al. 2013). This result, based on CO observa-
tions, is confirmed by an independent study of the fortserite
dust 69 µm band of which the shape and peak wavelength
are very temperature sensitive (Koike et al. 2003; Suto et al.
2006). de Vries et al. (2014) studied a sample of extreme
OH/IR stars, including OH 26.5+0.6 and confirms the short
duration of the superwind of less than a thousand years.
As is stated in de Vries et al. (2014), such a short duration
is problematic as the stars cannot lose sufficient mass, for
instance in the case of a star like OH 26.5+0.6 this would
be a couple of solar masses. The superwind would need to
be followed by a phase of even higher MLRs (de Vries et al.
2015). An alternative scenario would be one where several
phases of a few hundred years occur in which the MLR
increases to values above 10−5 M⊙ yr
−1. Such a timescale
hints to a connection to the thermal pulse, which is the
only event on the AGB with such a duration. The so-called
’detached shells’ around carbon stars are believed to be
the result of interaction of a high and faster moving wind
(10−5 M⊙ yr
−1) with a slower one with a 2 orders of magni-
tude lower MLR (Olofsson et al. 2000; Scho¨ier et al. 2005).
Strangely, no oxygen-rich AGB stars are known with de-
tached shells although it is expected that thermal pulses
would increase the MLR in a similar way.
An alternative explanation for the above described CO
lines’ behaviour could be a higher impact of the interstellar
UV radiation than is assumed in the radiative-transfer mod-
elling (see Section 4.2). The outer radius of the CO gas is de-
termined by the photodissociation and is based on the work
by Mamon et al. (1988). If the interstellar radiation field is
underestimated in the modelling, the outer radii of the gas
will be smaller, increasingly so for lower J-transitions, as is
observed in the case of OH26.5+0.6. This interpretation may
also explain why we do not need to limit the CO outer radii
for our Bulge OH/IR stars. Recent work by Groenewegen
(2017) demonstrate the effect of the ISRF and show that on
average a factor of 15 increase in the ISRF will lead to a
three times smaller photodissociation radius. It can be ex-
pected that at high latitudes in the Galactic Bulge, where
our OH/IR stars are situated, the UV radiation field is much
weaker than compared to active star forming regions where
higher mass stars like OH 26.5+0.6 are situated. Clearly
this alternative interpretation does not explain the spatial
distribution of the forsterite dust (de Vries et al. 2014).
9 CONCLUSIONS
We have presented the succesful detection of the CO (3-
2) and (2-1) transition lines for a sample of OH/IR stars
in the Bulge. On basis of our modelling of the observed
SED and CO lines, we find that the stars have an aver-
age luminosity of 4729 ± 521 L⊙ and the average MLR
is (5.4 ± 3.0) 10−5 M⊙ yr
−1. Such MLR is well above the
classical limit, with a single scattering event per photon,
for the luminosities in our sample. The variability periods
of our OH/IR stars are below 700 days and do not follow
the Mira-OH/IR PL relation (Whitelock et al. 1991). This
result shows that usage of the PL relation for the OH/IR
stars can lead to significant errors in the luminosity de-
termination. In comparison with the VW93 evolutionary
tracks, we find that the stars have initial masses of approxi-
mately 1.5 M⊙, which corresponds well with the findings of
Groenewegen & Blommaert (2005) for the Bulge Mira vari-
ables, confirming the connection between the two groups of
stars. If more massive OH/IR stars are rare in the Bulge
this may explain the scarcity of Bulge carbon stars. We find
that the gas-to-dust ratio ranges between 100 and 400 and
MNRAS 000, 1–?? (2018)
18 Joris Blommaert et al.
is similar to what is found for galactic disk OH/IR stars.
Contrary to findings of bright OH/IR stars in the Disk, our
modelling does not impose a limit to the duration of the
superwind below a thousand years. IRAS 17347–2319 has a
short period of about 300 days which may be further de-
creasing. Rapid changes in the variability behaviour have
been observed for Miras and may be connected to the oc-
curance of a thermal pulse. It would be the first time that
such behaviour is observed in an OH/IR star.
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